Microglial activation and adaptive immunity have been implicated in the neurodegenerative processes in Parkinson disease. It has been proposed that these responses may be triggered by modified forms of >-synuclein (>-SYN), particularly nitrated species, which are released as a consequence of dopaminergic neurodegeneration. To examine the relationship between >-SYN, microglial activation, and adaptive immunity, we used a mouse model of Parkinson disease in which human >-SYN is overexpressed by a recombinant adeno-associated virus vector, serotype 2 (AAV2-SYN); this overexpression leads to slow degeneration of dopaminergic neurons. Microglial activation and components of the adaptive immune response were assessed using immunohistochemistry; quantitative polymerase chain reaction was used to examine cytokine expression. Four weeks after injection, there was a marked increase in CD68-positive microglia and greater infiltration of B and T lymphocytes in the substantia nigra pars compacta of the AAV2-SYN group than in controls. At 12 weeks, CD68 staining declined, but B-and T-cell infiltration persisted. Expression of proinflammatory cytokines was enhanced, whereas markers of alternative activation (i.e. arginase I and interleukins 4 and 13) were not altered. Increased immunoreactivity for mouse immunoglobulin was detected at all time points in the AAV2-SYN animals. These data show that overexpression of >-SYN alone, in the absence of overt neurodegeneration, is sufficient to trigger neuroinflammation with both microglial activation and stimulation of adaptive immunity.
INTRODUCTION
Parkinson disease (PD) is characterized by a progressive loss of dopamine neurons from the substantia nigra pars compacta (SN); recent studies have revealed an important role for neuroinflammatory processes in its pathogenesis and progression. Microglial activation is consistently observed in the SN of PD patients and in animal models of PD (1Y3). Activated microglia release a wide array of proinflammatory molecules that ultimately may lead to neuronal injury. In a mouse model of PD produced using the neurotoxin 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP), there is lymphocytic infiltration of CD4-and CD8-positive T cells in the SN and striatum and elevated major histocompatibility complex classes I and II antigen expression on microglia (4) . Toxicity in this model can be attenuated by the adoptive transfer of T cells from copolymer-1Yimmunized mice, an effect that involves CD4-positive CD25-positive T regulatory cells (5) . There is also evidence of activation of adaptive immune responses in PD. For example, postmortem samples of PD brains show binding of immunoglobulin (IgG) to dopaminergic neurons of the SN and the presence of IgGbinding receptors (FcFRI) on microglia (6); patients with PD also have been found to have an increase in peripheral CD3-positive, CD4 brightYpositive, CD8 dullYpositive lymphocytes (7); neurotoxicity resulting from a microglial response to IgG from PD patients can be demonstrated in vivo and in vitro (8, 9) ; injection of IgG purified from the sera of PD patients into the SN of rats results in a specific loss of dopamine neurons; and cerebrospinal fluid from PD patients is cytotoxic to dopaminergic cell lines (10, 11) .
An important question is the nature of the antigens responsible for the activation of the microglial and adaptive immune response in PD. A prominent neuropathologic finding in PD is the presence of aggregates of the protein >-synuclein (>-SYN) both in Lewy bodies within dopamine neurons and in degenerating Lewy neurites (12) . Point mutations in the >-SYN gene and duplication and triplication of the >-SYN locus cause familial forms of PD that have earlier onset and a more aggressive disease phenotype compared with idiopathic PD. Promoter polymorphisms of >-SYN are also risk factors for PD (13Y15), and in sporadic PD, there is evidence for impaired clearance of >-SYN (16) . The extent of microglial activation in the SN and the degree of >-SYN accumulation have been correlated in PD (17) , and it has been suggested that modified forms of >-SYN, particularly nitrated species, may be released as a consequence of dopaminergic neurodegeneration and that they trigger subsequent immune responses (18) . In support of this hypothesis are the observations that after administration of MPTP to mice, nitrated >-SYN can be detected in cervical lymph nodes, and antibodies to both normal and nitrated >-SYN are observed. Moreover, the transfer of T cells from mice immunized with nitrated >-SYN leads to a neuroinflammatory response and dopaminergic cell loss (19) . Nitrated >-SYN can also activate microglia in vitro (18) .
We have recently described a model of PD in mice that is generated by targeted overexpression of normal human >-SYN in the SN using an adeno-associated virus vector, serotype 2 (AAV2). This model differs in several important respects from the MPTP model. After treatment with MPTP, neuronal injury is induced by inhibition of Complex I of the electron transport chain, leading to rapid necrosis of most dopaminergic neurons. 1-Methyl 4-phenyl 1,2,3,6-tetrahydropyridine does induce extensive oxidative modification of >-SYN, but it also leads to oxidative damage to DNA, lipids, and other proteins (20, 21) . In the AAV2 viral model, cell injury is gradual; there is no detectable dopamine cell loss at 3 months after administration of the vector, and at 6 months, there is about a 30% reduction in the total number of dopaminergic neurons in the SN (22) . In addition, no superimposed oxidative injury is required. This model may, therefore, more closely mimic the gradual nature of neurodegeneration that occurs in human PD. The vector itself is associated with little or no toxicity, and it encodes no viral proteins. Therefore, it is likely that the neurodegeneration results directly from overexpression of >-SYN.
We sought to use this AAV2 viral model to determine whether overexpression of human >-SYN alone, in the absence of overt neurodegeneration or the oxidative injury associated with MPTP, was sufficient to induce microglial activation and an adaptive immune response. We found that there is striking microglial activation and adaptive immune activation in this model. These features appear early (i.e. before the onset of neuronal loss), suggesting that overexpression of >-SYN alone in the absence of overt neurodegeneration is sufficient to trigger neuroinflammation similar to that associated with PD.
MATERIALS AND METHODS

Animals and Treatment
Male C57BL/6 mice (aged 8Y12 weeks) were used for the study. The mice were housed under 12-hour light/12-hour dark cycle and were provided standard mouse diet. Construction of the rAAV vectors rAAV-CBA-IRES-EGFP-WPRE (CIGW) and rAAV-CB>-SYNUCLEIN-IRES-EGFP-WPRE (CSIGW) is described elsewhere (22) . The recombinant AAV2 (rAAV2) plasmids CSIGW and CIGW and the helper plasmid pDG-1 (a kind gift from Dr Ponnazhagan, University of Alabama at Birmingham) were purified using a cesium chloride density gradient ultracentrifugation. Recombinant adeno-associated virus, serotype 2, containing the gene for human >-SYN (AAV2-SYN) or green fluorescent protein (AAV2-GFP), was packaged by cotransfecting CSIGW/ CIGW and pDG-1 into HEK-293 cells using a previously published protocol (23) . Recombinant adeno-associated virus, serotype 2, containing the gene for human >-SYN or AAV2-GFP was purified by a single-step column purification protocol using heparin agarose columns (24) . The viral titer was 3.5 Â 10 12 viral genome/mL for AAV2-SYN and 5.3 Â 10 12 viral genome/mL for AAV2-GFP as estimated by quantitative polymerase chain reaction (PCR). Under isoflurane anesthesia, the mice were injected stereotactically with 2 KL of AAV2-SYN or AAV2-GFP into the right SN; coordinates were anteroposterior, Y3.2 mm from bregma, mediolateral, Y1.2 mm from midline and dorsoventral, Y4.6 mm from the dura.
Immunohistochemistry for CD68 and IgG
At 2, 4, and 12 weeks posttreatment, the animals were deeply anesthetized with pentobarbital sodium and transcardially perfused with 4% paraformaldehyde in PBS. After postfixing in the same fixative overnight and impregnation with 30% sucrose, 40-Km sections of midbrain were cut using a sliding microtome. Free-floating tissue sections were first blocked with 10% normal goat serum for 30 minutes followed by incubation with a rabbit anti-humanY>-SYN (1:1000, Biosource, Camarillo, CA), rabbit anti-GFP (1:1000, Abcam, Cambridge, MA), or 1:1000 dilution of rat anti-CD68 (AbD Serotec, Oxford, United Kingdom) antibodies followed by a 1:500 dilution of Alexa-488Yconjugated goat anti-rabbit (Molecular Probes, Carlsbad, CA) or CY3-conjugated goat anti-rat (Jackson Immunoresearch, West Grove, PA) secondary antibodies. The presence of IgG was detected using a CY3-conjugated goat antibody against mouse IgG (Jackson Immunoresearch). The slides were then rinsed and coverslipped with Vectashield mounting medium (Vector Labs, Burlingame, CA).
Imaging and Quantification of IgG and CD68
Confocal images were captured using a Leica TCS-SP5 laser scanning confocal microscope. The images were processed using the Leica software and exported as Tiff files and processed using Adobe Photoshop CS2. For quantitation of IgG and CD68 staining, the slides were observed using a Nikon Eclipse E800M fluorescent microscope. Coded slides for IgG-and CD68-stained sections were scored using a numerical scale from 0 (no staining) to 4 (most intense) by an observer blinded to the treatment paradigm. Only IgG or CD68 staining in close proximity to SN neurons was considered for scoring; staining along the needle tract was ignored. Scores obtained from 6 mice per group were analyzed using the Mann-Whitney U test.
Estimation of Markers of Neuroinflammation in the SN Using Quantitative PCR
Male C57BL/6 mice were injected stereotactically with AAV2-SYN or AAV2-GFP into the right SN. Two or 4 weeks later, the animals were killed, and the SN from the injected side was dissected out and stored at Y80-C until assayed by quantitative PCR. Lipopolysaccharide (Sigma, St Louis, MO) was injected into the right SN at a volume of 2 KL at 2.5 Kg/KL concentration to a separate group of mice as a positive control. The SN from naive mice was used as negative control. Total RNA from the injected SN was isolated using the TRI reagent (Sigma) and purified using the RNeasy mini kit (Qiagen, Valencia, CA). The RNA was then reverse transcribed into complementary DNA (cDNA) using a superscript III kit (Invitrogen, Carlsbad, CA), and cDNA was measured spectrophotometrically and stored at Y20-C. Primers for the neuroinflammatory markers were designed using the Primer3 program (http://frodo.wi.mit.edu/). Quantitative PCR was performed using a Bio-Rad IQ5 multicolor real-time PCR system. One hundred nanograms of cDNA was used for the reaction. Serial dilutions of cDNA from lipopolysaccharide-injected mice served as positive control and also as the source of standard curve from which the values for proinflammatory molecules were extrapolated. The levels of expression of examined markers were normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) messenger RNA. Expression ratios were analyzed statistically using 1-way analysis of variance. We studied markers of classical microglial activation as well as of alternative activation, a process that has been shown to result in tissue repair and healing (25) . The markers of neuroinflammation and alternative activation as well as the primers used are listed in Table 1 .
Estimation of B-and T-Lymphocyte Infiltration into the SN
Adjacent SN sections of animals treated with AAV2-SYN or AAV2-GFP were immunostained overnight at 4-C for T or B lymphocytes using a hamster anti-mouse CD3 FIGURE 1. Effect of overexpression of human >-synuclein (>-SYN) on CD68 immunoreactivity in the mouse substantia nigra pars compacta (SN). Recombinant adeno-associated virus vector, serotype 2, overexpressing human >-SYN (AAV2-SYN) or green fluorescent protein ([AAV2-GFP] control) was injected into the right SN, and the tissue was processed for CD68 staining using a rat monoclonal antibody against mouse CD68 at 2, 4, and 12 weeks postinjection. The AAV2-SYNYinjected SN displayed increased staining for CD68 (red) in close proximity to >-SYNYexpressing neurons (green) at 4 weeks compared with controls; at 2 and 12 weeks, there was no significant increase in CD68 staining. Panels (AYC) are from the AAV2-GFP group at 2, 4, and 12 weeks, respectively; panels (DYF) are from the AAV2-SYN group at 2, 4, and 12 weeks, respectively. Insets in all sections show high-magnification images of the same sections. Scale bar = (low-magnification images) 100 Km; (inset) 40 Km.
(1:500, AbD Serotec) or rat anti-mouse CD45R (1:800, BD Biosciences, San Jose, CA) monoclonal antibodies, respectively. The sections were then incubated with biotinylated goat anti-hamster or biotinylated goat anti-rat polyclonal secondary antibodies (Vector) at 1:2000 dilution for 1 hour at 22-C, respectively. Subsequently, the sections were incubated with 1:1000 dilution of horseradish peroxidase (Vector) for 45 minutes at 22-C and then developed with diaminobenzidine with nickel intensification to yield a dark blue staining for lymphocytes. After this procedure, the sections were incubated with rabbit anti-humanY>-SYN (1:1000, Biosource) or rabbit anti-GFP (1:2000, Abcam) polyclonal antibodies, followed by a 1:2000 dilution of goat anti-rabbit peroxidaseYconjugated secondary antibody (Jackson Immunoresearch) and developed with diaminobenzidine to obtain a brown-colored staining indicative of human >-SYN or GFP expressing neurons.
The infiltration of B and T lymphocytes was quantified using unbiased stereology. Briefly, coded slides were scanned on the stage of a modified Olympus BX51 bright-field microscope at low-power objective, and SN on the injected side was contoured. B and T lymphocytes were counted by the optical fractionator method using Stereoinvestigator 7.0 software from MBF Biosciences (Microbrightfield, Inc, Williston, VT). A total of 6 sections covering the rostrocaudal extent of the SN around the injection site were counted for B and T lymphocytes, and the number-weighted section thickness was used to correct for variations in tissue thickness at different sites. The difference in B-and T-lymphocyte counts between the 2 groups was analyzed statistically using the Wilcoxon signed rank test.
RESULTS
Human >-SYN Overexpression Leads to
Enhanced CD68 Immunoreactivity in the Mouse SN Injection of AAV2-SYN or AAV2-GFP into the SN of mice resulted in immunohistochemical staining for the respective proteins within neurons throughout the pars compacta on the injected side. Both proteins were predominantly cytoplasmic, without obvious evidence of inclusions or aggregates. Labeling was also observed within the processes of SN neurons, extending through the medial forebrain bundle and into the striatum. There was no apparent loss of SN neurons or change in neuronal morphology, and no glial expression of either protein was observed (data not shown).
In the animals injected with AAV2-SYN, overexpression of human >-SYN resulted in a marked increase in cells stained for CD68 in the SN (Fig. 1) . Most of the cells stained were small and had the morphological features of activated microglia, with abundant cytoplasm and swelling of the processes proximally. These CD68-positive cells were found throughout the rostrocaudal extent of SN and in the adjacent pars reticulata. Almost all of the CD68-positive cells were found on the injected side; only rare positive cells were found on the contralateral side, usually near the midline. There were also CD68-positive cells extending rostrally along the labeled fibers in the medial forebrain bundle. In many cases, there was an additional cluster of CD68-positive cells dorsal to the SN in a line along the track of the injection needle. These were considered to be a result of mechanical injury related to the injection procedure. In animals injected with AAV2-GFP, CD68-positive cells were rare, except along the track of the injection.
To compare the intensity of the CD68-positive staining in the >-SYNYinjected animals with that of the GFP-injected animals, the slides were coded and examined by an observer unaware of which viral vector was injected. This analysis showed that there was a marked difference in the intensity of staining 4 weeks after injection, with much stronger CD68 staining in the group injected with AAV2-SYN ( Fig. 1 ; Table 2 ). There was also a trend toward an increase at both the 2-week and 12-week time points, but this did not reach statistical significance, most likely because of the small group sizes and the imprecision of the subjective rating scale.
Human >-SYN Overexpression in the Mouse SN
Leads to IgG Deposition in the Brain
We studied the effect of overexpression of human >-SYN in SN neurons on humoral components of the immune response by immunostaining for mouse IgG with a Cy3-conjugated goat anti-mouse IgG. In animals injected with the control AAV2-GFP vector, this antibody produced little or no staining of the brain. In animals injected with AAV2-SYN, there was strong immunostaining for IgG in all of the animals (Fig. 2) . This typically was diffuse and included labeling of neurons, glial elements, and neuropil. It was largely confined to the injected side of the brain but was not restricted to the SN and often spread to involve adjacent structures including the thalamus and adjacent cortex in some animals. Evaluation of the sections by an observer unaware of the treatments confirmed the striking difference in the intensity of staining, which was statistically significant at 2, 4, and 12 weeks ( Fig. 2; Table 2 ). Effects of recombinant adeno-associated virus vector, serotype 2, overexpressing human >-synuclein (AAV2-SYN) on the expression levels of neuroinflammatory markers in the substantia nigra pars compacta. Compared with the naive control group, the AAV2 overexpressing green fluorescent protein (AAV2-GFP) group did not have significant changes in any marker expression. Compared with the AAV2-GFP group, there were significant increases in the levels of intercellular adhesion molecule 1 (ICAM-1) (A), interleukin-1> (IL-1>) (B), IL-6 (C), and tumor necrosis factor (TNF) (D) at 2 weeks posttreatment in the AAV2-SYN group. A difference was also present for ICAM-1 at 4 weeks, whereas no significant differences for the other markers between the groups were observed at this time point. Cyclooxygenase 2 (COX-2) levels did not differ between the 2 groups at either time point (E). Inducible nitric oxide synthase (iNOS) expression was decreased significantly in the AAV2-SYN group compared with the naive control group at 4 weeks (F). *, p G 0.05 and **, p G 0.01, AAV2-SYN versus AAV2-GFP for all markers except iNOS; for iNOS, *, p G 0.05, naive control versus AAV2-SYN. One-way analysis of variance with Fisher PLSD post hoc test, n = 6 per group. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
Overexpression of Human >-SYN Stimulates
Expression of Markers of Neuroinflammation in the Mouse SN of markers of neuroinflammation (Table 1) was examined in animals injected with AAV2-SYN or AAV2-GFP. Because of the differing requirements for tissue preparation, this analysis was performed on a different set of animals from those studied with immunohistochemistry. Two or 4 weeks after injection of the vectors, tissue from the SN was harvested and used to prepare cDNA. Gene expression was analyzed by quantitative PCR using the SYBR Green method, as previously described (22, 26) . Data were normalized to expression of the housekeeping gene GAPDH in the same samples. These experiments included tissue from naive animals as well as from animals injected with AAV2-GFP; no significant differences were observed in the expression of any of the markers studied between these 2 different control groups.
At the earliest time point examined (i.e. 2 weeks after injection of AAV2-SYN), we observed significant increases in the expression of intercellular adhesion molecule 1 (ICAM-1), interleukin-1> (IL-1>), IL-6, and tumor necrosis factor (TNF) (Figs. 3AYD) , whereas no difference was found in the expression of cyclooxygenase-2 (COX-2) or inducible nitric oxide synthase (iNOS) (Figs. 3E, F) . At 4 weeks, ICAM-1 levels remained significantly elevated (Fig. 3A) , whereas IL-1>, IL-6, and TNF were no longer significantly elevated (Figs. 3BYD) , and COX-2 remained unchanged (Fig.  3E) . Interestingly, iNOS expression was significantly reduced compared with the AAV2-SYN group at this later time point (Fig. 3F) .
We also examined the possibility of so-called alternative activation of microglia in this model because this process has been shown to result in tissue repair and healing (25) and examined the expression of 3 markers linked to alternative activation, arginase I, IL-4, and IL-13, using the same procedure. We did not observe any significant change in the expression of any of the markers for alternative activation of microglia at either time point tested (Table 3) .
B-and T-Cell Infiltration After Human >-SYN
Overexpression in the Mouse SN
We evaluated the presence of T lymphocytes using immunostaining for CD3. Expression of human >-SYN in the SN resulted in a marked increase in CD3-positive cells in the injected SN. These were present throughout the SN; they were often close to labeled neurons and extended into the adjacent pars reticulata (Fig. 4D ). Animals injected with AAV2-GFP had only rare CD3-positive cells (Fig. 4B) . The numbers of CD3-positive cells in the SN were determined using unbiased stereology with an optical dissector technique. This confirmed the impression of a large increase in the number of CD3-positive cells. The difference from controls was most striking at 4 weeks after injection, where the median number of CD3-positive cells was increased almost , and IL-13 in the SN of mice (n = 6 per group) treated with AAV2-GFP or AAV2-SYN and killed at 2 weeks or 4 weeks. Data are analyzed by 1-way analysis of variance. Compared with the naive control group, there was no significant change in the expression of these markers noticed in either the AAV2-GFP or the AAV2-SYN group, and there were no significant differences in expression between AAV2-SYN and AAV2-GFP groups at either time point. The values are expressed as mean T SE of ratios of expression of the markers to that of the housekeeping gene GAPDH.
>-SYN, >-synuclein; AAV2-SYN, recombinant adeno-associated virus vector, serotype 2, overexpressing human >-synuclein; AAV2-GFP, recombinant adeno-associated virus vector, serotype 2, overexpressing green fluorescent protein; IgG, immunoglobulin G; IL, interleukin, PCR, polymerase chain reaction; SN, substantia nigra pars compacta. (Fig. 5A ). There were also increased numbers of CD3-positive cells in some animals at 2 weeks and 12 weeks, but there was considerable variation at these time points and only the 12-week difference was statistically significant (Fig. 5A) .
10-fold
We used a similar approach with immunostaining for CD45R to evaluate the number of B lymphocytes in the SN after AAV2-SYN injection. As for staining for CD3, injection with AAV2-SYN resulted in a marked increase in the number of CD45R-positive cells (Fig. 4C) confined to the injected side. The most consistent difference was observed at 4 weeks, when the median number of cells was increased nearly 5-fold (Fig. 5B) . Some animals had increased numbers at 2 weeks and 12 weeks, but the effect at these time points was more variable and statistically significant only at 12 weeks (Fig. 5B) .
DISCUSSION
In this study, we have examined the question of whether overexpression of >-SYN, in the absence of neurodegenerative cell loss or oxidative injury, is sufficient to trigger immune activation in a model of PD. We found that overexpression of human >-SYN in mouse SN neurons, induced by an AAV vector, does indeed lead to activation of microglia, production of inflammatory cytokines, and stimulation of an adaptive immune response. These events occur early (i.e. 2Y4 weeks after injection of the virus), at a time when there is little or no loss of dopaminergic neurons. No significant microglial activation or humoral response was observed after injection of control AAV2 virus expressing GFP. Both the microglial activation and the adaptive immune response are localized and concentrated in the region of human >-SYN overexpression. Together, these observations suggest that the >-SYN protein has a direct role in the activation of microglia in vivo and the stimulation of the adaptive immune system, and that cell death is not required to trigger these processes.
The most important difference between this study and earlier reports examining immune activation in PD is the nature of the model. Previous studies have used the MPTP model and have shown clearly that this neurotoxin leads to microglial activation and a humoral response to nitrated >-SYN (4, 18, 19) . In the MPTP model, however, dopamine neuronal injury is extensive, and there is rapid necrotic cell death. Thus, there may be a variety of other immunologically active proteins and other molecules released in addition to nitrated >-SYN. In contrast, the AAV construct used here codes for >-SYN and/or GFP and does not contain any sequence coding for viral proteins. We and others have observed that expression of >-SYN using AAV leads to gradual degeneration of dopamine neurons (22, 27, 28) ; this differs from conventional >-SYN transgenic models, which for the most part show no loss of dopamine neurons and may even exhibit protection against some neurotoxic lesions (29Y31). The effects we have observed are unlikely to have arisen from the AAV vector itself. A short-term humoral immune response to AAV is observed in the peripheral immune system (32) , but in the brain, humoral immune and inflammatory responses to a single administration of AAV are very low (33, 34) . We included a control vector expressing GFP alone in all experiments and found that the AAV2-GFP led to robust transfection of neurons and high-level expression of the GFP protein, but did not produce microglial activation, cytokine production, B or T cell infiltration, or IgG labeling. As others have observed (35Y37), we found that when these genes were delivered by AAV to adult mouse brain, they were expressed exclusively in neurons, implying that the microglial activation is an indirect response to the neuronal expression of >-SYN. The AAV-Syn vector we used produces very long-lasting expression of >-SYN in neurons; in this study, expression was observed for 12 weeks, and we previously reported vigorous expression of >-SYN as long as 24 weeks after administration (22) . In contrast, some of the markers of immune activation that we observed were transient, whereas others persisted for at least 12 weeks (including IgG staining, and B and T cell infiltration). These temporal differences likely reflect the dynamic nature of the immune response rather than any change in the underlying expression of >-SYN.
Microglial activation is a common feature of PD brains (1, 6, 17, 38) as well as in animal models of PD (3, 39) . HLA-DRYpositive activated microglia are observed in both human PD brains and in MPTP-treated monkeys (1, 2) . There is also evidence that microglial activation occurs early in the course of the disease in humans. Using positron emission tomography with the radiotracer [11C](R)-PK11195 for activated microglia, 2 independent groups provided evidence for increased levels of activated microglia in the SN of earlystage PD patients (38, 40) . Microglial activation is also observed early after treatment with MPTP in the PD rodent models (39, 41) , and microglial activation precedes dopamine neuronal injury in the rodent paraquat/maneb coadministration PD model (42) . Early activation of microglia is also present in a transgenic mouse model of PD in which wild-type human >-SYN is expressed under a tyrosine hydroxylase promoter (31) . The early microglial response we observed in the present study is consistent with these pathological findings in human PD and other animal models.
In this study, we also demonstrated that the levels of markers of neuroinflammation, TNF, ICAM-1, IL-6, and IL-1>, were elevated early in response to human >-SYN overexpression in the mouse SN. There is also elevated expression of these cytokines in the SN of PD patients as well as in the animal PD models (43Y49), and an increase in circulating levels of the cytokines TNF and IL-6 have also been observed in PD patients (50) . Similar to our study, an early increase in these cytokines occurs in the MPTP model of PD in mice (4, 51, 52) . In addition, in the MPTP mouse model of PD, genetic ablation of receptors for TNF confers dopaminergic neuroprotection (53) .
We also explored the possibility of an alternative activation state of microglia. Alternative activation of macrophages and microglia is a response to tissue injury and is believed to play a role in tissue repair and restoration (54) . Increased expression of genes associated with alternative activation has been observed in Alzheimer disease brains and in a transgenic mouse model of Alzheimer disease (55) . To evaluate the possible involvement of alternative activation in our PD model, we measured the expression of cytokines IL-4 and IL-13 and arginase-1 in the SN of mice treated with AAV2-SYN for 2 and 4 weeks. We did not find any significant change in the levels of these markers at either time point. These data suggest that alternative activation is not a component of our model at the early time points, but it will be interesting to examine this phenomenon at later time points when neurodegeneration becomes apparent.
Human >-SYN overexpression in the SN resulted in a significant increase in IgG staining at each of the early points examined. Similarly, in human PD brains, there is evidence for accumulation of IgG in the SN and an increased expression of IgG binding receptors on activated microglia in the SN (6) . Moreover, in rodents and in cell culture, serum from PD patients is toxic to dopaminergic neurons, and this neurotoxicity is mediated through IgG binding receptors (FcFRI) on activated microglia (8, 9) . There is at least 1 report of circulating autoantibodies to human >-SYN in patients with inherited PD (56) . The source of the IgG observed in our model, as well as in human brain, is unclear; it may result either from local interruption of the blood-brain barrier and infiltration of circulating antibodies or from local release by activated B lymphocytes.
We observed very striking B-and T-lymphocyte infiltrates in animals injected with AAV2-SYN. The levels of both B and T cells were highest at 4 weeks and declined at 12 weeks, but at this late time point remained significantly elevated in the AAV2-SYN group versus the control group. Both CD8-positive T lymphocytes in the SN of PD patients (1) and alterations in circulating T lymphocytes have been reported in PD patients (57) . In MPTP-treated mice, marked T-lymphocyte infiltration and increased major histocompatibility complex II immunoreactivity were found, but no B lymphocyte infiltration was observed (58) . In addition, neurotoxicity to MPTP is attenuated by administration of regulatory T cells (5) . In contrast to the clear involvement of T lymphocytes in human PD, there is little evidence pertaining to the presence of B lymphocytes in the SN in PD or in animal models of PD. It is interesting to note that in a recent study using the MPTP mouse model of PD, animals lacking both B and T lymphocytes were resistant to MPTP toxicity (19) . Because we observe increased infiltration of both B and T lymphocytes in the SN, it will be important to examine the role of these distinct populations of lymphocytes separately in our model.
An important unresolved question relates to the temporal sequence of events leading to the cellular and humoral response that we have observed. We studied early time points after AAV2-SYN injection, but even at 2 weeks, we found evidence for a combined humoral and cellular response. Although some aspects of the response did not reach peak intensity until 4 weeks, the differences are not sufficient to infer a clear temporal relationship of these events. A complicating factor in interpreting the sequence is that the expression of protein by the viral vectors does not begin immediately and may require several weeks to reach peak intensity (59, 60) .
Our data suggest the intriguing possibility that the initiating event in PD-associated inflammation is related to >-SYN itself rather than to neurodegeneration followed by release of modified >-SYN. Several lines of evidence support the idea that >-SYN may lead directly to activation of microglia. In vitro studies have shown that overexpression of human >-SYN or exposure to exogenous human >-SYN is sufficient to directly activate microglia and lead to proinflammatory cytokine production (32, 61Y63). Exposure of microglia to nitrated >-SYN, a covalently modified form of >-SYN, results in enhanced expression of proinflammatory cytokines (18) . The expression of >-SYN induced by the AAV vector is restricted to neurons, suggesting that there must be an interposed step of >-SYN antigen presentation or release. The degree of >-SYN overexpression induced by the AAV-SYN vector in dopaminergic cells is vigorous, and it is likely that a variety of oligomeric, aggregated, and other modified forms of >-SYN present, but which of these is directly responsible for the immune activation we observed is still uncertain. Because it is likely that neuroinflammation is important in the onset or progression of human PD, identifying the mechanisms of immune activation in this model may lead to novel therapies for the disease.
